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Abstract 
New developments and characteristics of high brilliant laser sources have led to new applications in the field of laser 
remote processing. Due to high particle formation rates within the vapor plume, a significant influence of the interaction 
between laser radiation and nanoparticles on the process may occur. The presented work shows results of the investigation 
of the dynamical formation of nanoparticles within the vapor plume during the welding of stainless steel with a 2 kW 
Multi-Mode fiber laser under laser remote conditions. The particle size distribution is measured by the evaluation of 
TEM-images, whereas, the plasma temperature and particle density are analyzed in dependence of the irradiation time.    
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1. Introduction 
Novel and efficient production strategies can optimize existing laser processing concepts. Therefore, the 
laser remote processing offers new potentials related to flexibility and efficiency [1, 2, 3]. Due to the large 
working distance between the optical system and the workpiece during remote processing, small movements 
can result in large beam deflections on the workpiece surface. Weld seams with flexible geometries and short 
processing times can be realized. Thus, in some cases the process dynamic can also be raised up. The 
combination of a single-mode fiber laser with a fast Polygon mirror scanner permits scan speeds up to 
18000 m/min [4]. But in some cases, complex mechanical clamping devices restrict the application of laser 
remote processing.      
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Furthermore, the use of shielding gas is in most cases dispensed and thus interaction and loss mechanisms 
can occur which can influence the machining process [3, 5]. Because of the long working distance between the 
focusing unit and the workpiece, a long interaction path results in comparison to conventional laser processes. 
One of these interaction mechanisms is based on a significant particle formation within the vapor plume and a 
related dynamical attenuation of the intensity on the workpiece. This can be traced back to the coupling 
between the vapor plume formation and the formation of nanoparticles. Due to supersaturation within the 
vapor plume, the spread of the vapor as a shock wave and the heat exchange with the ambient atmosphere, the 
phase transition is initiated by nucleation [6]. Under certain conditions, stable nanoparticles can be formed [7].   
 
A direct relationship between the interaction of the incoming laser radiation with nanoparticles and the 
influence on the process under cw operation is described by Matsunawa et al. [8]. Scholz et al. investigate the 
particle formation during the ablation process of stainless steel with a single-mode fiber laser [9]. Particularly 
in material processing with highly brilliant laser sources, Michalowski et al. found out that the interaction of 
the incident radiation with particles cannot be neglected [10]. One the one hand, the interaction between the 
incoming laser radiation and nanoparticles leads to an increase of the beam diameter on the workpiece surface 
caused by scattering. On the other hand, a dynamic behavior of the attenuation of the laser power on the 
workpiece results. In consideration of current scientific findings, the presented work shows experimental 
results of the dynamical formation of nanoparticles within the vapor plume during the laser welding of 
stainless steel under remote conditions. Therefore, a 2 kW fiber laser (IPG, YLS-2000-CT) is used. 
 
2. Experiment 
2.1 Plasma temperature 
Fluctuations within the vapor plume influence the formation of particles. For investigating these 
fluctuations, the plasma temperature in relation to the process time is analyzed. Therefore, the plasma 
radiation emitted laterally is detected. First, a spectrometer (Ocean Optics HR2000) is used. The plasma 
radiation is guided via an optical fiber to the spectrometer. The plasma temperature is determined from the 
maximum of the emitted spectrum. In a second step, four Si-photodiodes with a rise time of 1 ns (spectral 
range 200  1100 nm) in combination with spectral filters (543 nm, 590 nm, 630 nm and 700 nm) are 
implemented within the experimental setup to get a higher temporal resolution. Thus, the emitted plasma 
is calculated in 
consideration of the four signals. In the evaluation, the spectral responsivity of the Si-photodiodes and the 
transmission characteristics of the spectral filters are taken into account.    
2.2 Particle density during the welding process 
To analyze the particle density distribution within the vapor plume, the three-wavelength extinction 
method is used [11]. The probe laser beams of three HeNe-lasers (543 nm, 590 nm and 633 nm) are passed 
parallel to and 1 mm above the workpiece surface through the vapor plume. Each laser has an output power of 
about 5 mW. Based on the ratio auf the three transmitted intensities of the probe laser beams, the particle 
density is determined. The experimental setup allows a simultaneous guidance and detection of the three laser 
beams during the welding process. For this purpose, neutral beam splitter, spectral filters and three Si-
photodiodes are used. It is assumed that the particles have approximately a spherical shape. Possible 
deviations from the spherical shape and structures caused by agglomeration processes are not be considered. 
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Furthermore, no expansion of the particle size distribution is assumed. The gas absorption and refractive 
index fluctuations are not included in the analysis.  
2.3 Particle size distribution 
The particle size distribution is determined by analyzing images of the particles. To get the necessary 
resolution, transmission electron microscopy (TEM) images of the nanoparticles are generated. Structures 
with a minimum size of 0.4 nm can be shown with the used microscope. Copper grids are integrated within 
the experimental setup to prepare the samples. The copper grids are fixed laterally in relation to the interaction 
zone 5 mm over the workpiece surface on two glass plates. The beam is focused on the material surface and 
the particles are deposited onto the surface of the copper grids.  
3. Results 
The experimental investigation bases on the laser welding process of stainless steel with a multi-mode fiber 
laser (max. output power 2 kW and a wavelength of 1075 nm) in combination with a focusing lens (focal 
length 150 mm). Blind seams are welded in test pieces (30 x 80 mm). In order to relate to the laser remote 
processing, no process gas was used. In the following, the experimental results are presented. 
3.1 Plasma temperature 
law. As a first approximation, a 
Gaussian function fit shows the maximum of the plasma emission spectrum. Fig. 1 presents the plasma 
emission spectrum and the Gaussian function fit for a feed rate of 1 m/min and a laser output power of 
1.4 kW.   
 
Fig. 1. Plasma emission spectrum and Gaussian function fit in relation to the wavelength. The integration time of the spectrometer is 
3 ms.  
the maximum of the spectrum is 598 nm. It corresponds with a plasma temperature of 4846 K. Relating to 
the temporal behavior of the diode signals, Fig. 2 presents two diode signals, which were recorded during the 
laser welding process. They point out that at a wavelength of 630 nm the intensity of the plasma radiation is 
higher.   
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Fig. 2. Photodiode signals of the plasma radiation in dependence on the time for the laser welding of stainless steel. Two spectral filters 
are used (above 543 nm and below 630 nm). 
 
Fig. 3. Plasma temperature in relation to the irradiation time 
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For the determination of the plasma temperature in relation to the process time, four photodiode signals are 
analyzed. The course of the plasma temperature in dependence of the irradiation time for a laser output power 
of 1.4 kW shows fig. 3. The plasma temperature fluctuates between 4100 K and 4600 K   
 
 
3.2 Particle density during the welding process 
 
Three probe laser beams (wavelength 633 nm, 543 nm and 590) are guided through the vapor plume to 
analyze the formation of the particles within the vapor plume in relation to the irradiation time. Fig. 4 presents 
the attenuation of the intensity of the three laser beams within the vapor plume.   
 
 
Fig. 4. Attenuation of the intensity of three laser beams in relation to the irradiation time.  
 
Fig. 5. Changes of the particle density within the vapour plume in dependence on the irradiation time during the laser welding of stainless 
steel.  
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It illustrates that the attenuation process shows a dynamical behavior. The characteristic curve is comparable 
for all three laser beams. But, the strength of the attenuation varies. Thus, on the probe laser beam with the 
wavelength of 590 nm acts the strongest relative attenuation. As described in chapter 2.2, the particle density 
in relation to the irradiation time was determined. The result is shown by fig. 5.  The fluctuations, which are 
indicated in the previous results, are also reflected in the evolution of the particle density. 
3.3.Particle size distribution 
 TEM-images of nanoparticles are analyzed to determine the particle size distribution. Fig. 6 shows two 
TEM-images of particles, which were formed during the laser welding of stainless steel.  
 
 
Fig. 6. Two TEM-images of nanoparticles which were formed during the ablation process of stainless steel using a feed rate of 1 m/min. 
Left: laser output power of 1 kW. Right: laser output power of 1.6 kW. 
 
The TEM-images of the particles point out that during the welding process with an output power of 1.6 kW 
a higher particle density results. Fig. 7 presents the determined particle size distributions. Relating to the 
welding process with an output power of 1 kW, the average particle diameter is 28 nm. At the higher output 
power, an average diameter of 33 nm was reached. 
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Fig. 7. Particle size distribution. The particles were formed during two welding processes (left: laser output power 1kW. Right: laser 
output power 1.6 kW) 
4. Conclusion and Outlook 
Experimental investigations of the particle formation during the laser welding of stainless steel using a 
multi-mode fiber laser were presented. Therefore, the plasma temperature, particle density and particle size 
distribution were analyzed. The results show a significant formation of nanoparticles during the welding 
process of stainless steel using a multi-mode fiber laser. This particle formation process offers strong 
fluctuations. Thus, these fluctuations confirm a non-negligible dynamical influence of the interaction between 
the incoming laser radiation and the vapor plume on the welding process. 
 
The next step that is based on the presented results is concentrated on the connection between the particle 
formation and process instabilities. Results of recording of the process with a high-speed camera will be 
analyzed together with the plasma radiation and fluctuations of the particle density. In addition, the weld seam 
topography will be analyzed with a chromatic sensor to verify effects on the process quality. For more in-
depth information about the influence of the interaction between the incoming laser radiation and process 
instabilities, a modeling based on the experimental conditions will be created. 
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